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Abstract

Recent years have seen a deepening
interest in the measurement of human operator
workload. However, not all persons involved
in the design and production of mmanmachine
systems are educated in the rigors of
workload measurement and the currently
available techniques. Furthermore, as in
most areas of expertise, there aren't enough
human "experts" to go around. The present
paper describes an "expert"” system, created
at the NASA-Ames Research Center, that was
designed to provide decision support for
persons interested in assessing operator
workload. The system is based on current
research in the field of workload measurement
and is flexible enough to allow for
incorporation of new knowledge as it is
empirically validated.

WC FIELDS (Workload Consultant for Field and
Industrial Environments for Laypersons Desiring
Support) is a microprocessor-based system
designed to aid users in selecting appropriate
workload assessment procedures for their
particular application. The system is designed
to aid non-experts in the area of workload.
These users may be new to the field, or
interested in workload only as a control variable
and not as a primary focus of their research.
Presently, for these researchers to apply
workload methodology they must either consult
with an expert or sort through numerous books and
articles on workload assessment and theory. Each
of these sources tends to focus on the favorite
assessment technique of the author or expert, and
is usually applied to specific situations.
Consequently, sorting through the literature to
find measures appropriate to one's application
becomes a very difficult task for those not
familiar with the field (and often for those who
are familiar with the field).

WC FIEIDS is designed to suggesi appropriate
workload assessment techniques, taking into
account a wide variety of workload questions,
environments, and assessment methodologies. The
system is intended to take the place of a
workload expert in suggesting workload assessment
methodologies and to provide enough information
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and appropriate references for researchers to
apply the suggested methods. The system will not
suggest a single assessment procedure as the one
of choice; rather it will present the user with
several assessment methodologies appropriate for
his/her application and sufficient information
for the user to make an intelligent choice among
altermatives.

Structure of the "expert" system

The system was developed using EXSYS, a
commercially-available rule-based expert system
development package. The knowledge base was
created by compiling an extensive list of IF -
THEN type rules which the expert system

translates into questions to ask the user. The
rules are structured in the form:
IF condition X is Y THEN
1. method a : probability = 9/10
2. method b : probability = 7/10
3. method ¢ : probability = 3/10

where the probability ranges from 0 (absolutely
not appropriate) to 10 (absolutely appropriate)
and refers to the appropriateness of the given
workload assessment method for the given
application. The user of the system does not see
the rule but sees instead a question derived from
the rule by the program. The question formed by
the program for the above rule would look as
follows:

Condition X is

W
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Among the more desirable features of this
system is it's ability to use backward chaining
(the program can obtain information from the
rules in the knowledge base rather than
continually prompting the user for information
previously obtained). The following paragraphs
describe how WC FIELDS operates:

Initially, the user is presented general
information about the program. The user then may
choose whether or not he/she wishes to have the
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. rules displayed as the program verifies that they

are true. Knowledge of the rules used to reach
conclusions can help a user understand why
certain workload assessment methodologies are
selected, and in some instances, why the rule can
be interpreted in different ways depending on a
user's special applications. Occasionally,
brief notes to the user are presented to justify
the rationale underlying a particular rule.

After the intrcductory questions, the user
is asked a number of multiple choice questions
pertaining to the goals of the project for which
workload will be measured and to the environment
in which workload will be measured. For each
question the user has the option of selecting one
or more of the available answers. If the user
wants to know why a question is being asked,
he/she need only respond "WHY" instead of
choosing one of the alternative choices, and the
rule that prompted the question will be
displayed. This optiocn, available even if the
user initially chose not to have the rules
displayed, may be exercised at any point in the

program.

When the program has obtained enough
information to reach a decision, the possible
outcomes are numerically evaluated using the
probabilities associated with choices in the
tules. User responses with a value of 0 or 10
permanently "lock" the value of the choice, while
values of 1 to 9 are averaged over all of the
rules that used the choice.

Before the final results are presented, a
screen of information advising the user on the
meaning of the numerical values assigned to the
various measures appears on the screen. The next
screen presents each of the possible workload
measures in order of their appropriateness, with
only the numerators of the probability ratios
given. Choices to which no rule applied or for
which a value of 0 was obtained will not
automatically be displayed, kut may be displayed
if the user so indicates. The user may then
exercise his/her own best judgment concerning
acceptable probability levels necessary to choose
a measure or measures.

When the final choices appear, the user may
change one or more of the answers previously
given to any of the questions and test the effect
that those changes have on the final outcome.
This option is especially useful for comparing
outcomes when questions are answered differently
and may be done any number of times. The answers
given may also be saved on disk to be used in a
subsequent run of the proyram at a later time.
The results of a run may also be printed with or
without the information used in reaching the
final results.

Also available to the user is the option of
obtaining additional information on any of the
measures displayed on a menu. This "information
base" covers several ot the most thoroughly
validated and commonly used examples of each type
of workload measure. Included is a description

of each technique and the environments in which
it is commonly used, instructions about how to
implement it, and a brief review of it's
strengths and weaknesses. The description of
each measure is accompanied by a list of
references so that the user can find further
information should he/she decide to implement or
become more familiar with the measure. The next
section of this paper briefly outlines the
content of the workload knowledge base of WC
FIELDS.

Knowledge base content

For each combination of workload question
and environment, a set of the most appropriate
measures will be suggested. The measures were
selected on the basis of their validity,
reliability, and frequency of use. As new
measures become available, they may be added to
the system once they have been validated. The
measures are divided into five categories:
primary task performance, secondary task
performance, subjective ratings, physiclogical
measures, and analytic techniques. The
following paragraphs review the measures that are
presently included in the system.

Primary task performance

This class of measures assumes that an
operator's performance on the given task is by
ituelf a valid indicator of workload. For
example, if a pilot can successfully land the
plane he is flying then the workload for the
landing task must have been within acceptable
levels. Primary task measures are often
difficult to identify, as they are often task- or
situation-dependent. Several measures have been
found to be useful indicators of workload,
however, such as frequency and content of
communications, manual control variability,
errors, and the ability to meet schedules.

Primary task performance measures have the
advantage of face validity, that is, performance
on the primary task appears to accurately reflect
the operator's ability to perform the task.
Occasionally designers accept primary task
performance measures as indicators of task
workload and don't attempt to apply other
methods. While this is a necessary measure of
total task performance, it often is not
sufficient to measure workload. The operator may
be overloaded while performing a task, but,
through increased effort, can maintain criterion
performance for some time until performance
rapidly declines -- a dangerous situation in some
environments. In addition, a primary task measure
gives no indication of the ability of the
operator to perform additional tasks as are often
necessary in emergency or peak workload
situations. Finally, performance measures rarely
rer fect workload variations at the low end of the
workload range. Performance decrements usually
oour only in response to relatively high levels
ot workload.



Secbndary task performance

Secondary task measures of workload are
obtained by giving the operator an "extra" task
to perform in addition to his primary task. The
operator is instructed to maintain a specified
level of performance on the primary task (e.q.
flying a plane) and to use any remaining capacity
(effort, resources, time, etc.) to perform the
secondary task to the best of his ability. The
level of performance on the secondary task is
assumed to indicate the amount of "spare"
capacity not demanded by the primary task. The
secondary tasks included in the system are: time
estimation (Gunning, 1978; Hart, McPherson, and
Loomis, 1978; Bortolussi, Kantowitz, and Hart,

1985), the Sternberg memory task (Sternberg,
1969, 1975), manual tracking (Brickner and
Gopher, 1981; Wickens, Sandry, and Vidulich,

1983), auditory and visual choice reaction time
(Kantowitz, Hart, and Bortolussi, 1983;
Kantowitz, Hart, Bortolussi, Shively, and
Kantowitz, 1984; Kantowitz and Knight, 1976a),
monitoring (Ephrath and Curry, 1977),
mathematical calculations, and dichotic listening
(Gundry, 1976; Mcleod, 1973).

These measures have the advantage of being
highly diagnostic in an information processing
paradigm. In other words, they have the ability
to identify the cognitive processes that are
affected by the demands of the imposed tasks.
Secondary task methodology is backed by a strong
theoretical base from cognitive psychology. The
problem is that no secondary task measure is
universally applicable, because different types
of processing resources may be consumed (or
remain) depending on the nature of the demands
imposed by a primary task. Performance on one
secondary task may indicate that no additional
resources remain to perform an additional
activity (indicating high workload), while
another would show no such limitations
(indicating low workload) because they do, or do
not, compete for the same limited resources.
Thus, the user must select a secondary task that
will tap the same resources as the task of
interest. In doing so, much of the ability to
compare results across experiments is lost.

In addition, implementation of secondary
tasks in an operational environment may be
problematic in that performance of the additional
task may interfere with performance of the
primary task. For this reason, researchers have
attempted to use embedded secondary tasks. These
tasks are designed to have the appearance of
being an integrated part of the primary task. An
example of an embedded secondary task would be
increasing communication task loadings in an
aviation environment. The communications
represent a task that pilots must normally
perform and thus seem realistic, however they
also represent a secondary task in relation to
the primary task of flying the aircraft.
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Subjective rating scales

Subjective ratings are usually obtained by
asking the operator either during or after a task
how mentally taxing the task was to perform.
Ratings can come from verbal protocols or from
paper and pencil questionnaires, and can be
obtained either from the operator him/herself or
from an external observer who estimates the
workload of the operator performing the task.
Subjective ratings are intuitively appealing in
that there should be no easier way to find out
how hard someone is working on a task than to ask
him.

Several types of subjective rating scales
are included in the system. They range in
complexity from a unidimensional mumeric scale to
a multidimensional weighted average of several
component factors. Ratings may focus solely on
task-related mental workload or may also
encompass psychological factors such as level of
physical or physiological arousal. Several
rating techniques, like SWAT (Subjective Workload
Assessment Technique), rely on subjective
estimates of the importance of component
dimensions to the subject's a priori definitions
of workload (Eggemeier, 1981; Eggemeier,
Crabtree, Zingg, Reid, and Shingledecker, 1982;
Reid, shingledecker, Nygren, and Eggemeier, 1981;
Reid, Eggemeier, and Nygren, 1982). The NASA
bipolar rating scale (Hart, Battiste, and Lester,
1984) incorporates the operators' ratings of the
relevance of each factor in a task (e.g.,
frustration, physical demand, mental demand,
performance, effort, ard temporal demand) into a
weight associated with the rating for each
factor. The final workload score is a weighted
average of the ratings from each scale. Other
multidimensional techniques rely on a hierarchy
of questions about different task-related factors
that lead the rater to a single numeric workload
rating (e.g., the Cooper-Harper Handling
Qualities Rating Scales, and the modified Cooper-
Harper Scale [Cooper and Harper, 1969; Sheridan
and Simpson, 1979; Wierwille, Skipper, and
Rieger, 19841).

Also included in the system are techniques
relying on reference tasks (Gopher and Braune,
1984) or reference vehicles (Ruggiero and Fadden,
1982), and techniques based on linguistic
descriptors of component factors that are
combined with fuzzy set theory (Moray, 1983).

Of all the measures currently available this
class is no doubt the easiest to implement,
however, it does have several drawbacks.
Theoretical support of ratings techniques is not
as strong as with some other measures (secondary
tasks, for example), ratings obtained by
experimenters using different scales are
difficult to compare, and scaling problems result
from the use of relative rather than absolute
nunmerical data. Nonetheless the popularity of
this technique continues and overall the
advant ajes outweigh the disadvantages.



h\ysiélé;gical measures

The physiological indices of mental workload
are the most abjective measures in terms of their
ability to indicate operator's reactions to
demands placed on them. Two classes of
physiological measures are included in the
system: those that measure the overall level of
activation or arousal and those that relate more
directly to mental and perceptual processing.
Included in the first group are heart rate
(Roscoe, 1982; Hart and Hauser, 1984), heart rate
variability (Casali and Wierwille, 1982, 1983;
wierwille and wWilliges, 1978), galvanic skin
response (O'Donnell, 1979), and respiration.
Measures relating more directly to cognitive
processes are evoked cortical potentials (Israel,
Wickens, Chesney, and Donchin, 1980), eye blinks
(stern and Skelly, 1984), spectral analysis of
heart beat to beat intervals (Mulder, 1979), eye
point of regard and fixation duration (Sanders,
Hofmann, Simmons, and DeBonis, 1979), and pupil
diameter (Casali and Wierwille, 1983).

Physiological measures are advantageous in
that they are sensitive to high levels of
workload and are unlikely to interfere with
performance of the primary task. Unobtrusiveness
is a very desirable feature in some operational
environments where disruption of performance on a
primary task (such as flying a helicopter in a
nap of the earth, or NOE, mission, for instance)
could mean serious injury or death to the
operator for whom workload is being measured.

Drawbacks related to the use of these
measures include the enormous magnitude of data
created by the continuous monitoring of
biological functions and the noise embedded in
the data from such functions. Computing
facilities to support such analyses are expensive
and time consuming to maintain and operate. A
further problem is the current lack of a sound
theoretical framework linking physioclogical
processes to their cognitive correlates.

Analytic techniques

There are several computer programs that
compute workload using task and time-line
analytic techniques and human operator models.
Most have been developed for specific
applications, such as the design of a new
aircraft, and thus do not generalize to other
applications (McCraken and Aldrich, 1981).
Furthermore, most are not in the public domain
(as are all of the other measures described), and
are generally available only through purchase or
contract. The techniques included in WC FIELDS
are time-line analysis and task analysis.

When using techniques based upon task and
timeline analysis, the researcher ldentifies the
tasks and the times to perform the tasks either
through expert opinion or empirical techniques.
The tasks are then placed on & timeline and the
measure of workload is the ratio of time vequired
for task parformance to the time available for
task performance. A drawback to this technique

is that in practice, operators will reschedule
tasks to reduce workload peaks and thus the
predicted workload peaks may not occur. 1In
addition, tasks are rarely strictly additive in
terns of time to perform. 1In some cases
operators integrate tasks in order to reduce the
total time necessary to perform both tasks. In
other cases the tasks may interfere with each
other and the total time necessary to perform
both tasks would be more than that predicted by a
strictly additive model.

Conclusions

Careful consideration of human operator
workload prior to implementation of newly
designed mamr-machine systems has become a primary
objective in many areas of industry. Workload
assessment is vital to industries supporting
man/machine interacticn for economic, safety, and
productivity reasons. It is hoped that the
"expert" system described in this paper will be a
valuable assistant involved in system design from
the initial conceptualization to the final
validation stages.
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